One sentence summary: We have provided empirical support that both substrate composition (bottom-up) and viral lysis (top-down) operate simultaneously in the control of bacterial diversity and that viruses are an important component in the control of host diversity in natural environments. Editor: Gary King
INTRODUCTION
The heterotrophic prokaryotic community is the most important biological component involved in mineralization of organic matter in the ocean (Andrews and Williams 1971; Pomeroy 1974; Azam et al. 1994; Cotner and Biddanda 2002) . Understanding the role of prokaryotic diversity in regulating the activity of this vital component of the marine biome is thus central to our understanding of how ocean biogeochemistry functions. Trophic interactions that are known to be important regulators of prokaryote community size and diversity include competition for substrates (Tilman 1977) , predation by grazers (Jürgens and Matz 2002) and host-specific viral lysis (Larsen et al. 2004; Sandaa and Larsen 2006; Sandaa et al. 2009; Winter and Weinbauer 2010) .
Viral-induced mortality of microbial hosts has been estimated to remove up to 40-60% of the total bacterial biomass in the oceans each day (Proctor and Fuhrman 1990; Heldal and Bratbak 1991; Weinbauer, Fuks and Peduzzi 1993) , suggesting turnover quantitatively comparable with removal by grazing (Fuhrman and Noble 1995) . Non-selective grazing and hostspecific viral lysis differentially affect biogeochemical cycling through either upward vertical transfer of energy and biomass to higher trophic levels or downward vertical transfer to the dissolved organic matter (DOM) pool, respectively (Suttle 2007) . In concert, these mechanisms thus create an intimate, but poorly understood, link between mechanisms controlling biodiversity and those controlling biogeochemical cycling.
Modelling attempts have been made to capture some of these relationships, including the 'Killing the Winner' (KtW) class of models (Thingstad and Lignell 1997; Thingstad 2000; Thingstad et al. 2014) . These models make the simplifying assumption that total prokaryotic abundance is determined by non-selective protozoan predation, while host-specific viral lysis controls the size of host subgroups, typically referred to as 'species', that in sum comprise the prokaryote host community. As a general feature, this class of models gives a system where bacterial richness and evenness are primarily top-down controlled by viral lysis, while host community composition is bottom-up controlled through the relative ability of bacterial host groups to compete for growth-limiting nutrients, including organic carbon, and organic and inorganic sources of nitrogen and phosphorus. Most empirical data on bacterial diversity resolve the host community diversity on a relatively coarse level, namely with host subgroups or species typically defined by small subunit ribosomal RNA (SSU rRNA) gene or ribosomal internal transcribed spacer (ITS) sequences. Attempts to compare models directly with phylogenetic marker data may thus contain the explicit or implicit assumption that host diversity as measured by a defined 'species' marker corresponds to the model's predictions on host group diversity. Assuming, however, that the model's host groups correspond to strains or subgroups of species, rather than to marker-dependent phylogenetic species, the pure top-down viral control of abundance within a species disappears (Thingstad et al. 2014) . Instead, abundance at species level emerges as the viral-controlled abundance within each subgroup of any species, summed over the strains that this species manages to establish in competition with other community members. Richness and evenness at species level thus become dependent upon a combination of competition-related bottom-up factors regulating the number of strains, and defence-related top-down factors regulating the abundance within strains (Thingstad et al. 2014) .
As expected from both model versions, availability of nutrients has been found to influence the composition of marine bacterial communities in different environments, often resulting in spatial (Venail et al. 2010) and temporal (Connell 1979) variability in community composition. Results from coastal mesocosm experiments for which variation in limiting nutrients resulted in altered bacterial and viral community composition, but not in denaturing gradient gel electrophoresis (DGGE) profile community richness, have been used to support the idea of separate control mechanisms for community composition and richness as explainable within the simple KtW model version with host groups corresponding to species (Sandaa et al. 2009) . Amendment of bacterial cultures with complex (phytoplanktonderived) as compared with simple (glucose) carbon sources has, however, been shown to result in bacterial community shifts to higher richness (as assessed by coarse-level detection of visible bands on DGGE gels (Töpper, Thingstad and Sandaa 2012) ), a feature that with hindsight is more easily explained with the recent more complex model assuming host group delimitation at the strain level (Thingstad et al. 2014) .
We here extend this line of investigations to a natural marine ecosystem in order to investigate the extent to which we can link bacterial richness or community composition to bottomup control by nutrient availability or top-down control by lytic viruses, respectively. Our site of study is a depth and seasonal transect from the Sognefjord, a deep-silled fjord in Western Norway. The Sognefjord is one of the deepest (1308 m) and longest (204 km) fjords in the world, and the interior of this fjord system is characterized by horizontal water transport within distinct water masses separated by density boundaries (isopycnals) (Hermansen 1974; Rustad 1978; Svendsen 2006) .
MATERIALS AND METHODS

Sampling
Our sampling site, the Sognefjord, is a stratified sill fjord with three main distinct water masses (Hermansen 1974; Svendsen 1997) . It is one of the largest, deepest and longest open fjords in the world, situated on the west coast of Norway and with its mouth opening into the northern part of the North Sea (Fig. 1) . The sill depth near the fjord mouth is ∼170 m, and the main fjord basin is 1308 m at its deepest (Svendsen 2006) . We distinguished water masses based on salinity profiles: surface water with salinities ≤33.00 psu; intermediate water having salinities between 33.00 and 34.99 psu; and basin water with salinities >35.00 psu, as described by Erga (1989) . Sampling was carried out in November 2012 and May 2013 onboard the research vessel R/V 'Håkon Mosby' using a rosette sampler with attached 20 L Niskin bottles and a Seabird CTD. Water samples for prokaryote and viral abundances (flow cytometry (FCM)), mineral nutrients, bacterial diversity (automated ribosomal intergenic spacer analysis (ARISA)), bacterial production, particulate organic carbon (POC) and total organic carbon (TOC) were taken from between 12 and six depths at eight stations ( Fig. 1) along the fjord. Salinity, temperature (
• C), density, chlorophyll a fluorescence and oxygen concentrations were obtained from CTD profiles at 1 m intervals at the same eight stations.
Nutritional measurements
The TOC was measured from triplicate injections from three parallel samples (5 mL) to which was added 50 μL of 0.5 N HCl using a TOC-5000 analyser (Shimadzu). Samples for POC determination were filtered (600 mL) on muffled GF/F filters (25 mm Whatman). Filters were stored at −20 • C until analysis. Prior to measurements, the filters were dried and acidified, and carbon content was measured using a FLASH2000 CHN analyser (Thermo Scientific). Standardization was done using an aspartic acid standard. The DOC was calculated as the TOC with the POC subtracted. Samples for measuring inorganic nutrients (NO 3 , NO 2 , PO 4 and Si(OH) 4 ) were analysed with an autoanalyser (Alpkem-Lab) at the Institute of Marine Research, Bergen, Norway following the method of Parsons, Maita and Lalli (1984) . The samples were preserved with 1% (v/v) chloroform and stored in the dark at 4
• C prior to analysis.
Flow cytometry
Single-celled prokaryotes and viruses were counted using a flow cytometer (FACSCalibur). Samples were fixed with glutaraldehyde (25% (v/v), final concentration 0.5% (v/v)) for 30 min at 4
• C, flash-frozen in liquid nitrogen and stored at −80 • C. For further analysis, samples were diluted 10-to 10 000-fold in TE buffer (10:1, pH 8), stained with SYBR Green I, and analysed for 1 min at flow rates of ∼30-35 μL min −1 , with ∼100-1000 events s −1 (Marie et al. 1999; 2001) . Fluorescent microspheres (Molecular Probes, Inc., Eugene, OR, USA) with a diameter of 0.95 μm have been applied for optimization of our FCM protocol as an internal standard. Viruses and prokaryotes were discriminated based on side scatter versus green fluorescence (Brussaard 2004 ).
Bacterial production
Bacterial production was measured as uptake of [ 3 H]leucine at a final isotope concentration of 60 nM (isotope specific activity 4.33 TBQ mmol −1 ) (Smith and Azam 1992) . Leucine uptake was converted to bacterial carbon production according to Simon and Azam (1989) by the following equation:
× isotope activity × 1000
Sample volume
where C is carbon, DPM (disintegrations per minute) is the measured radioactivity, 1797 is grams of protein produced per mole of incorporated leucine, and 0.86 is the weight ratio (g:g) of carbon in bacteria. Isotope activity is specified for each particular batch used.
DNA isolation, PCR and ARISA fingerprinting
One litre of water from selected depths (Supplementary Table S1 ) at each station was filtered onto 0.22 μm polycarbonate filers. DNA was isolated from the filters as previously described by Töpper et al. (2010) , except that silica beads (0.5 mm Soda lime glass beads; BioSpec) were added to the tubes with the filters and vortexed for 1 min prior to lysozyme treatment to increase DNA outcome. DNA was quantified using an ND-1000 NanoDrop spectrophotometer (Thermo Scientific). For ARISA fingerprinting, the standard protocol described by Ramette (2009) was used on triplicate samples, with 10-15 ng of DNA for each 25 μL reaction and primers ITSD, 5 -GTCGTAACAAGGTAGCCGTA-3 ; and ITSReub, 5 -GCCAAGGCATCCACC-3 . Capillary electrophoresis was performed on an ABI 3130 (36 cm capillaries and POP7 polymer), using 1000 ROX internal standard (50-1000 bp) (Center for Medical Genetics and Molecular Medicine, Haukeland University Hospital, Bergen, Norway). Profiles were visualized in a Peak Scanner (v1.0 Applied Biosystems), and peak size and area was determined with a baseline of 100 bp. Binning and merging of peaks were done using R-scripts 'interactive.binner' and 'replicate-merger' (Ramette 2009 ).
Statistical analysis
Statistical analyses were done using the R-project statistical computing environment (R Core Team 2014, http://www.r-project.org/) and the R package vegan (Oksanen et al. 2013 ) unless otherwise stated. Prior to analysis, abundance data (FCM counts), water chemistry measurements and hydrological data from CTD measurements were checked for non-normality using the Shapiro-Wilk normality test (Royston 1982) , and square-root-transformed to compensate for non-normality if this was found. The Kruskal-Wallis test with ad hoc pairwise Wilcoxon test was used to identify potential differences between water masses, stations and sampling time in regards to viral and prokaryotic counts and VPR.
To check if there were significant differences between months, layers and sampling sites for bacterial operational taxonomic unit (OTUs) (from ARISA fingerprinting), ADONIS (analysis of variance using distance matrices) was performed using 999 permutations. The Shannon diversity index (H ) Pielou evenness (J ) and richness (number of OTUs) were calculated based on ARISA fingerprinting profiles. Peak height was used as a relative measure of the individual abundance of each corresponding DNA fragment. The following equations were used, where p i equals individual peak heights, n equals number of peaks for each sample (from merging three parallels per sample) and H max is log normal of the maximum number of OTUs in individual samples:
An NMDS (non-metric multidimentional scaling) plot was construced using Bray-Curtis distance. The significances of environmental variables relative to the NMDS ordinations were found using envfit and 999 permutations, and were subsequently fitted to the ordination plots.
RESULTS
Hydrographical and nutritional conditions
The main difference in salinity and temperature conditions between the May and November cruises were seen in the upper 100 m (Fig. 2) . The temperature maximum in November was at 50 m and the minimum in May at 25 m, while more brackish and oxygen-rich water was encountered at the surface in May.
No significant differences in DOC were detected between the water masses at any sampling time or station (Fig. 3 ). For POC, there was a significant difference between surface and basin water in May (Kruskal-Wallis, ad hoc pairwise Wilcoxon test, P < 0.05). No DOC or POC sample was collected from the intermediate water masses in November (Supplementary Table S2 ). Table S2 ; Fig. 3 ). PO 4 measurements showed significant differences between all three water masses in May, and between basin and surface in November (Kruskal-Wallis, ad hoc pairwise Wilcoxon test, P < 0.05) ( Table S2 , Fig. 3 ). It should be noted that for November, only one sample for nutrient analyses was collected from the intermediate water, and was therefore excluded from these analyses.
Bacterial production
Analysis of bacterial production in the different samples did not identify any significant differences in [ 3 H]leucine uptake between the different water masses in November (Table 2 ; Fig. 3 ). In May, bacterial production measurements were significantly higher in the surface water compared with basin and intermediate water samples (Kruskal-Wallis, P-value < 0.05) ( Table 2 ; Fig. 3 ). We also observed a trend towards higher bacterial production in the basin and intermediate water in November compared with May samples; however, there was no significant difference (Supplementary Table S1 ). (Fig. 4) . The differences in prokaryote and virus abundances and VPRs between sampling sites were not significant, except for station 1 in May, which showed a significant difference in VPR from stations 4-8, but not from Table S1 ). Mean VPR was highest just above the pycnocline between the surface layer and the intermediate layer both in November and in May (Fig. 2) .
Viral and prokaryote counts
Bacterial community composition and diversity
Using ARISA fingerprinting, we tested for differences in bacterial community composition (each unique ARISA peak = one bacterial 'species') and diversity (number and intensity of all ARISA 'species' peaks) at the different water depths, stations and sampling times. We found no significant difference in bacterial diversity (Shannon index, H ) between the three water masses at either sampling time, with one exception; a significantly higher Shannon diversity was observed for surface waters sampled in November than in May (Fig. 5) . In November there was a significant difference in the evenness (J ) between surface water and basin water (Kruskal-Wallis, ad hoc pairwise Wilcoxon test, P < 0.05) (Fig. 5) , but no such difference was observed for May samples. Bacterial community composition derived from ARISA fingerprinting was significantly different both between the three water masses and within the same water mass between the two sampling times (Adonis, P-value < 0.05) (Fig. 6) . This difference was most pronounced in the surface layer and least pronounced in the basin water. No significant differences in bacterial community composition were observed between sampling stations, although bacterial community composition in the surface water differed more between stations in May than in November (Fig. 6) .
DISCUSSION
Viral top-down and bottom-up control of bacterial diversity
With one exception (see the Results and below), our results show that bacterial diversity varied neither with season nor with depth in the Sognefjord during the sampling period. Viral and bacterial abundances and bacterial community composition, on the other hand, varied significantly with season, and bacterial community composition was strongly affected by depth (water mass). One explanation might be the availability of light that regulates both photosynthetic prokaryotes and eukaryotes that will directly and indirectly influence the structure of the bacterial community (Van Mooy, Devol and Keil 2004). The observation that bacterial communities with different nutrient regimes (Fig. 3) but similar virus abundances (Fig. 4) are equally diverse yet have significantly different composition is consistent with the conceptual idea of the earliest version of the KtW model (Thingstad and Lignell 1997; Thingstad 2000) , in which community composition is bottom-up regulated through nutrient availability while viruses exert top-down control on bacterial host richness and evenness (diversity). Recent modifications of the model, however, make such interpretations more complicated as host groups in the more recent KtW model correspond to bacterial strains and not species (Thingstad et al. 2014) , transposing the effect of top-down control down to strain level of bacterial diversity. The result of this virtual change in trophic level control on bacterial host diversity in the form of richness and evenness will therefore be a combination of competitionrelated bottom-up factors regulating the richness of strains, while defence-related top-down factors regulate the evenness (abundance) within each strain (Thingstad et al. 2014) .
The only observed significant difference in bacterial diversity was lower diversity in the surface water in May compared with November (Fig. 3) . One explanation may be increased competition between the bacterial and phytoplankton communities for limiting mineral nutrients during the spring period (Thingstad et al. 2008) , with a resulting temporary lower bacterial richness (Fig. 3) . High primary production was detected in May compared with November, revealed by enhanced oxygen levels in the surface water (supersaturated oxygen levels increased from 100.5% in the adjacent coastal water to 125% in the inner part). Oxygen saturation values around 120-125% are typical for phytoplankton spring blooms in other western Norwegian deep-silled fjords (unpublished data). Further, coastal bacterial communities have been shown to be populated by generalist taxa which are capable of metabolizing a wide variety of organic carbon compounds (Mou et al. 2008) . Change in quality and quantity of algal-derived DOC, as a result of a spring bloom, may therefore promote shifts in bacterial community dominance as a function of carbon source preference, resulting in lower bacterial diversity.
In contrast to bacterial diversity, community composition varied with sampling time and depth, which can proabably be explained by changes in the bottom-up effects of differing nutrient availabilities, with regard to both the concentration of free mineral nutrients and the composition of the DOC pool. This fits with the conceptual idea of both model versions of the KtW that bacterial ability to compete for limiting substrates dictates which hosts occupy available niches, while viruses control the identity and abundance of bacterial hosts within each niche (Thingstad and Lignell 1997; Thingstad 2000) . Particle flux from the surface to sediments has been linked to changes in DOM and POM sources in several fjord systems (Wassmann 1984; Wassmann et al. 1996; Walsh, Ingalls and Keil 2008) and may explain change in nutrient regime and hence changes in bacterial community composition in the different water masses.
Virus to prokaryote ratio as a measure of top-down control of the host community
A statistical difference was found in the VPR between the three layers. The ratio varied slightly across the water column, from ∼14 in the upper part to 9-10 in the lower part of the water column. Interestingly, these variations were similar in May and November, making it tempting to speculate about a stable effect of virus-mediated prokaryote mortality in the Sognefjord independent of season. Typically, VPRs fall between 3 and 10 in the pelagic marine environment, but are higher for nutrient-rich productive areas such as fjords and coastal waters (Wommack and Colwell 2000; Larsen et al. 2004; Bratbak et al. 2011) . Values of 1 are thought to indicate low levels of virus-mediated prokaryote mortality, whereas ratios >10 indicate conditions with high prokaryotic lysis (Wilcox and Fuhrman 1994; Larsen et al. 2004) . We found the highest VPRs, at both sampling times, at 5-10 m depth and in close proximity to the upper pycnocline, which separates the brackish surface water from the compensational flow of coastal water entering the fjord. Besides this, the maximum VPR occurred at the temperature minimum in May (25 m) and the temperature maximum in November (50 m), indicating that temperature was not decisive. The higher VPR was primarily due to an increase in viral abundance but not in prokaryote abundance compared with other depths (Fig. 4) . Increased viral production can be linked to enhanced growth conditions for the host community (Tuomi et al. 1995) as a result of turbulent mixing of water masses (Muck et al. 2014) . Shear-generated turbulence can favour mixing between water masses (Karp-Boss, Boss and Jumars 1996; Svendsen 1997) and, in our study, resulted in mixing of water rich in inorganic nutrients (coastal water) and allochthonous DOC from primary production (brackish surface water). Increased nutrient availability will have a positive effect on the bacterial production, and a small increase (data not shown) was seen in the bacterial production in the transition between the surface and intermediate water in May. Increased viral production may also be a result of induction of lysogenized bacterial cells due to stress introduced by steep changes in physical or chemical properties across the pycnocline (Ackermann and DuBow 1987) .
Recent developments of Killing the Winner theory and limitations in present methods
The recent development in the KtW theory qualifies the model to include multiple host groups that can be differentially regulated by viral control despite belonging to the same bacterial 'species'. Bacterial community fingerprinting based on phylogenetic marker genes has been the method of preference for capturing the effect of viruses on prokaryotic host communities (Fuhrman, Griffith and Schwalbach 2002; Pinhassi et al. 2004; Jardillier et al. 2005; Hewson and Fuhrman 2006; Sandaa et al. 2009; Pagarete et al. 2013; Winter, Matthews and Suttle 2013; Chow et al. 2014 ) because they provide a rapid and relatively high-resolution snapshot of host community diversity. The phylogenetic resolution of marker genes used for community fingerprinting, typically the SSU rRNA gene, is, however, often insufficient to distinguish host groups ('strains') that may comprise a single bacterial 'species'. Fingerprinting analysis based on SSU rRNA genes or the ITS region of the RNA operon does not necessarily capture host richness at the resolution that is necessary to comprehend fully virus-host interactions in an environmental microbial community. Our choice of marker gene for ARISA fingerprinting, the non-coding ITS region of the rRNA gene, is more prone to mutations than the SSU rRNA gene due to lower mutational constraint, and thus theoretically provides higher phylogenetic resolution than the SSU rRNA gene. van Dorst et al. (2014) found fingerprinting techniques such as ARISA and terminal restriction fragment length polymorphism (T-RFLP) to have lower resolution than high-throughput sequencing (e.g. pyrosequencing), which provides much deeper sequence coverage than fingerprinting methods. For cursory analysis of bacterial community structure, however, ARISA using amplified ITS markers was clearly sufficient to characterize host community composition in the unexplored environment of the Sognefjord in order to make assessments of the relative effects of viruses versus nutrient competition on bacterial community diversity and composition in this deep sill fjord.
Conclusion
Using a combination of flow cytometry and ARISA fingerprinting, we have provided first insight into host-virus interactions in the Sognefjord. The observation that bacterial communities with different nutrient regimes have significantly different composition supports the conceptual idea of both versions of the KtW models, where competition for limiting nutrients acts as a structuring factor of the host community composition. In contrast, our results showing uniform bacterial diversity despite different sampling seasons and depths are in agreement only with the earliest version of the model (Thingstad and Lignell 1997; Thingstad 2000) and encourage the use of higher resolution phylogenetic markers and/or deep sequencing for more detailed investigation of host-virus interactions. These results provide new empirical input for testing the predictions provided by the KtW models and show (i) how substrate composition (bottom-up) and viral lysis (top-down) operate simultaneously in the control of bacterial diversity and (ii) that viruses are an important component in the control of host diversity in natural environments.
